Aqueous zinc-air batteries (ZABs) are a low-cost, safe, and sustainable technology for stationary energy storage. ZABs with pH-buffered near-neutral electrolytes have the potential for longer lifetime compared to traditional alkaline ZABs due to the lower concentration of carbonates at non-alkaline pH values. However, existing near-neutral electrolytes often contain halide salts, which are corrosive and threaten the precipitation of ZnO as the dominant discharge product. This paper presents a method for designing halide-free aqueous ZAB electrolytes using thermodynamic descriptors to computationally screen components. The dynamic performance of a ZAB with one possible halide-free aqueous electrolyte based on edible organic salts is simulated using an advanced method of continuum modeling, and the results are validated by experimental measurements. XRD, SEM, and EDS measurements of Zn electrodes show that ZnO is the dominant discharge product, and operando pH measurements confirm the stability of the electrolyte pH during cell cycling. Long-term full cell cycling tests are performed, and RRDE measurements elucidate the mechanism of the ORR and OER. Our analysis shows that aqueous organic electrolytes could be a promising field of research for zinc-based batteries, due to their Zn 2+ chelating and pH buffering properties. We discuss the remaining challenges including the electrochemical stability of the electrolyte components.
Introduction
The demand for high-performance energy storage is rapidly growing. Ambitious plans to increase the share of renewables in the electric grid and expand the market for electric vehicles (EVs) underscore the importance of developing next-generation electrochemical energy storage technologies. Currently this demand is overwhelmingly met by lithium-ion batteries (LIBs), which enjoy significant advantages in both power density and cycleability. But LIBs are at risk of catastrophic thermal runaway 1 , and it has been shown that the material supply chain for LIBs may become uncertain in the future 2 . New battery technologies based on sustain-able and abundant materials are needed to safely and effectively meet our expanding energy storage needs.
Zinc-based batteries, particularly zinc-air batteries (ZABs) [3] [4] [5] [6] , stand out as one of the most promising and mature battery technologies to complement LIBs 3,7-10 . Zinc metal is abundant, cheap, non-toxic, and practically stable in aqueous electrolytes. As a divalent metal, Zn electrodes can achieve a very large specific capacity (819.9 mA h g −1 , 5853.8 mA h L −1 ). The most suitable application for rechargeable ZABs is stationary energy storage [11] [12] [13] , but they have also been proposed for EV applications [14] [15] [16] and flexible electronics 17, 18 . Primary zinc-air button cells with alkaline electrolytes (e.g. KOH) are widely used in hearing aids, due to their high practical energy density (circa 1000 W h L −1 ) 19 . However, carbonates form when the alkaline electrolyte is exposed to CO 2 in the air, which limits the lifetime of the cell to just a few months 19 . Carbonate formation is minimized in the near-neutral pH domain, and aqueous electrolytes containing ammonium chloride (NH 4 Cl) have been proposed as a possible alternative to extend ZAB lifetime [20] [21] [22] .ZABs featuring NH 4 Cl electrolytes have been found to precipitate chloridecontaining solids like Zn(NH 3 ) 2 Cl 2 and Zn 5 (OH) 8 Cl 2 · H 2 O 21,23 , even though the final discharge product in a true zinc-air bat- tery should be ZnO. The precipitation of these mixed zinc salts consumes the electrolyte, passivates the electrode surfaces and lowers the energy density of the cell. Furthermore, because the pH stability in the air electrode requires an excess of buffering species, the slow diffusion of the weak acid or its conjugate base can become limiting at high current densities 24 . Fig. 1 shows the idealized operating principles of aqueous ZABs with strongly alkaline and pH-buffered near-neutral electrolytes 19, 25 . The main reactions are indicated by roman numerals I-V and are listed in the supplementary information † . In Fig. 1(a) , the alkaline ZAB schematic shows that OHplays dual roles as both an active species in the oxygen reduction/evolution reactions (ORR/OER) and as a Zn 2+ complexing agent. When alkaline ZABs are discharged, dissolved O 2 is reduced in the bifunctional air electrode (BAE) to form OH -(reaction Ia). On the other side, the Zn metal electrode is electrochemically oxidized to form Zn 2+ (reaction IIa), which immediately reacts with OHto form Zn(OH) 2 -4 ions (reaction IIIa). When the solubility of zinc in the electrolyte is exceeded, ZnO precipitates on or near [33] [34] [35] [36] the Zn electrode (reaction IVa), and the battery achieves a stable working point. One of the major lifetime limitations of alkaline ZABs is the parasitic formation of carbonates, which occurs when CO 2 from the air dissolves in the electrolyte and reacts with excess OHto form CO 2 -3 (reaction Va). This reaction reduces the conductivity of the electrolyte, slows the reaction kinetics, and can lead to pore-blocking precipitation in the air electrode 5 .
In Fig. 1(b) , ZABs with pH-buffered near-neutral electrolytes follow a slightly modified operating principle 23, 24 . For descriptive purposes, we consider an electrolyte containing a generic weak acid, HA. In the BAE, dissolved O 2 is reduced to form H 2 O (reaction Ib). The change in H + concentration disturbs the equilibrium of the weak acid. The local loss of H + causes the dissociation reaction, HA −− −− H + + A -, to proceed to the right (reaction IIb). At the Zn electrode, Zn 2+ is produced from the electrochemical oxidation reaction (reaction IIIb) and forms complexes with other solutes in the electrolyte (reaction IVb), most importantly with the conjugate base of the weak acid, A -. The formation of complexes between Zn 2+ and Aenhances the pH stability of the electrolyte. When the solubility limit of zinc is exceeded, zinc solids precipitate (reaction Vb).
In this work, we discuss a method for designing aqueous electrolytes for zinc-based batteries, with a special focus on Zn-air. Considering factors like Zn 2+ chelation, pH buffering, and Zn-salt solubility we evaluate common aqueous inorganic electrolytes and predict some aqueous organic electrolytes that could be of future interest. After screening electrolyte materials according to their thermodynamic properties, cell-level continuum simulations are performed using an expanded version of the quasiparticle continuum modeling framework we reported in previous papers 23, 24 . To validate the method, one possible formulation of a halide-free electrolyte is experimentally investigated using electrochemical and physical characterization methods. These methods include full-cell cycling, ex-situ XRD, SEM, and EDS characterization of the Zn electrode, and half-cell rotating ring-disk electrode (RRDE) measurements of the air electrode catalyst materials. Although the focus of this paper is ZABs, the method could also be applied to other zinc-based batteries like aqueous Zn-ion, Zn/MnO 2 , Ni/Zn, or redox flow batteries (see Table 1 ).
Electrolyte design method
Innovative electrolyte development can help to address the battery performance challenges on the material level. In this section, we focus on the design of aqueous zinc electrolytes. Table 1 gives an overview of common zinc battery chemistries and their associated aqueous electrolytes. For much of the 19 th and 20 th centuries, zinc batteries with aqueous chloride-based electrolytes like NH 4 Cl and ZnCl 2 were among the most com-mon systems on the market 37 . They were eventually replaced by KOH, but chloride-based electrolytes have recently regained attention 38 as a possible solution to the electrolyte carbonation limitation in alkaline ZABs. Other mildly-acidic and nearneutral electrolytes like ZnBr 2 , ZnI 2 , ZnSO 4 , and Zn(CF 3 SO 3 ) 2 have applications in Zn-ion, Zn-air, and Zn redox flow batteries [30] [31] [32] [39] [40] [41] [42] [43] [44] .
The historical variety of zinc-based batteries in development shows that there is some versatility in the formulation of the aqueous electrolyte. It is this versatility that both opens possibilities and encumbers development. Electrolyte development has typically followed an Edisonian trial-and-error approach focusing on optimizing key parameters like ionic conductivity, viscosity, etc.. Experimental investigation of electrolyte performance is essential to battery development, but it is also expensive and time consuming. The thoughtful application of theory-based models can help reduce required resources, guide experiments down the most promising paths, and perhaps identify new compositions that would not otherwise be considered 45 .
In this section, we first define some key performance criteria necessary to support ZAB operation, discuss the general formulation of aqueous electrolytes, and identify possible components. We then evaluate some common electrolyte formulations and suggest a new aqueous organic electrolyte for evaluation.
Performance criteria
An ideal aqueous electrolyte should meet some fundamental requirements to promote good ZAB operation (Fig. S1 † ). (i) The pH of the electrolyte should be relatively stable during operation. Large swings in operational pH can degrade battery materials (especially in the air electrode) and reduce lifetime. A functionally stable pH can be achieved through the use of concentrated alkaline/acidic electrolytes or the incorporation of a pH-buffer 23 . (ii) Zn 2+ should be moderately soluble in the solution. The goal is to allow Zn 2+ to escape the surface of the Zn electrode and avoid passivation, but not diffuse so far away as to contribute to Zn electrode shape change. When precipitated discharge products form, they should be dominated by a porous ZnO phase 24 . (iii) The kinetics of the ORR/OER are the major limitations to ZAB efficiency and rate-capability 46, 47 . The electrolyte should not inhibit these reactions, e.g. by blocking active catalyst sites. (iv) To facilitate mass transport within the ZAB cell, the electrolyte should be highly ionically conductive and non-viscous. (v) Because ZABs are semi-open systems, some leakage of the electrolyte cannot be ruled out. Therefore, toxic or environmentally harmful materials should be avoided. (vi) For the battery to have a long lifetime, the electrolyte should be stable in air and within the electrochemical window of the cell 19, 25 . Furthermore, (vii) the vapor pressure of the electrolyte should be low to avoid evaporation losses out of the air electrode. An electrolyte with such properties could be a good candidate for rechargeable ZAB applications.
Electrolyte components
To design an electrolyte that meets the aforementioned criteria, we begin by evaluating commonly available electrolyte compo-nents. In this work, we avoid both strongly alkaline electrolytes (due to carbonate formation) and strongly acidic electrolytes (due to H 2 gas evolution) and instead focus on pH-buffered electrolytes with nominal pH values between circa 4 and 12. For the purpose of the discussion, we refer to these as near-neutral electrolytes (NNEs).
A pH-buffered NNE requires two fundamental components: (i) a weak acid with at least one acid dissociation constant in the desired range whose conjugate base forms complexes with Zn 2+ ; (ii) a suitable counter-ion to maintain charge neutrality. Importantly, the counter-ion should not form insoluble products with Zn 2+ . The most common example of a pH-buffered NNE -used in both LeClanché and Zn-air batteries -is ammonium chloride, NH 4 Cl.
In NH 4 Cl, NH + 4 acts as the pH buffering species with a pK a value of 9.8 in concentrated solutions 48 and Clis the counterion. This electrolyte is shown to be valid for ZAB applications, but it suffers from two main drawbacks. First, NH + 4 is monoprotic and the slow diffusion of its conjugate base (NH 3 ) in the electrolyte can lead to large swings in the local pH, especially in the air electrode 23, 24 . Second, mixed zinc-chloride salts have low solubility in the near-neutral pH domain, leading to the loss of electrolyte species during ZAB discharge 24 . Therefore, the design of improved pH-buffered NNEs must first identify alternative pH buffering and counter-ion species.
Common negatively charged couterions include halides (F -, Cl -, Br -, and I -), SO 2 -4 , NO -3 , ClO -4 , BF -4 , PF -6 , CF 3 SO -3 , and TFSI -. Halide anions in electrolyte solutions are known to corrode non-noble metals and poison Pt/C ORR catalyst materials 49, 50 . Elemental halogens, especially F 2 and Cl 2 , are toxic, and the solubilities of zinc-halide salts in the near-neutral pH regime are low 27, [51] [52] [53] . This suppresses ZnO as the dominant discharge product 23, 24 . Avoiding the use of halide counter-ions in the electrolyte could improve sustainability, performance, and lifetime of the battery.
Aqueous electrolytes with alternative counter-ions have been demonstrated. Zn(SO 4 ) electrolytes in particular have recently attracted significant attention for use in Zn-ion batteries 44, [56] [57] [58] . Sulfate anions, SO 2 -4 , form weak complexes with Zn 2+ , but Zn 4 (OH) 6 SO 4 is only sparingly soluble for near-neutral pH values 43 . Nitrate anions, NO -3 , are also possible counter-ions 20, 36 . NO -3 does not form strong complexes with Zn 2+ . Unfortunately, NO -3 ions are strong oxidants and are subject to a redox shuttle, as is known from Ni−Cd and Ni−MH batteries 59, 60 . Precipitation of Zn(OH) 8 (NO 3 ) 2 poses an additional challenge. Similar challenges afflict perchlorate, ClO -4 , counter-ions 61 . Tetrafluoroborate, BF -4 , and hexafluorophosphate, PF -6 , are common anions in ionic liquid electrolytes, but they undergo hydrolysis reactions in aqueous solutions 62, 63 with the potential to form toxic and environmentally harmful degradation products like HF. Finally, recent research has shown the promise of bulky anions like triflate, CF 3 SO -
Fig. 2
Zinc complex stability constant and pK a values for a selection of weak organic acids. Dashed lines indicate the approximate region of interest for aqueous pH-buffered zinc electrolyte applications. In the axis box plots, the center marker indicates the median value, the thick lines show the interquartile range (IQR) between the 25 th and 75 th percentile, the thin lines show the whiskers up to 2.7σ outside the IQR, and the outliers are shown as hollow circles. Data compiled from Refs. 48, 54, 55 ion that is soluble, non-toxic, affordable, and stable under ZAB conditions. We therefore direct our attention towards alternative pH-buffers that can be utilized with positive alkali metal counterions (e.g. Li + , Na + , and K + ).
Inorganic pH-buffers like H 3 PO 4 , H 2 CO 3 , or HCN could potentially address some of these challenges. In these examples, the acid is charge-neutral and the conjugate base is negatively charged, avoiding the need for a negative counter-ion. Furthermore, because of their polyprotic nature (except HCN), these acids can buffer pH at multiple levels, improving the resilience of the battery against unstable pH shifts. But the solubilities of mixed zinc phosphates and carbonates are still very low and threaten the precipitation of ZnO as the dominant discharge product 48, 61 . Additionally, cyanide is highly toxic and unsuitable for a semi-open system. These materials do not offer an outstanding alternative to NH + 4 . Thermodynamic speciation and solubility landscapes for some alternative counter-ions and pH buffers are given in Figs. S2 and S3 † .
Organic weak acids, e.g. carboxylic or aminocarboxylic acids, and their salts have been studied as aqueous zinc electrolytes 31, [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] and could serve as alternatives to their inorganic counterparts. They are often polyprotic, the conjugate bases are negatively-charged, and they can be combined with a positive counter-ion. The solubilities of zinc-organic salts are usually high enough so as not to threaten the precipitation of ZnO. The wide variety of organic weak acids gives added flexibility in electrolyte design. Disadvantages of organic acids and their salts are the lower ionic conductivity and complicated redox characteristics, due to the variety of possible intermediate products. Nonetheless, they are deserving closer inspection to determine their feasibility as aqueous zinc electrolyte materials. In the following section, we identify thermodynamic descriptors to screen suitable organic molecules and model solutions in chemical equilibrium.
Thermodynamic screening of organic components for aqueous electrolytes
There are myriad organic molecules that could be suitable for aqueous zinc electrolytes. Two thermodynamic descriptors are selected to aid the material screening: pK a values for dissociation of the weak acid and stability constants between the conjugate base and Zn 2+ . This data is compiled in the thorough work of Smith and Martell 48, 54, 55 . The modelling framework for the equilibrium speciation and solubility model applied in this section is derived in existing works 23, 24, 51, 52 and described in the supplementary information † . Fig. 2 presents a visualization of pK a and logarithmic zinc complex stability constant (β = log 10 K eq ) data for a variety of organic weak acids. There are many molecules that could be considered as pH buffers. To focus our search, we look for weak acids with one or more pK a values in the near-neutral pH range, whose con- jugate bases form moderately strong complexes with Zn 2+ and have electrochemical heritage. Among the more promising candidates are carboxylic acids and aminocarboxylic acids.
Carboxylic acids contain at least one carboxyl group (−COOH)
with pK a values typically in the range of 2-6. While some carboxylic acids are monoprotic (e.g. acetic acid), most are polyprotic (e.g. tartaric acid, citric acid, etc.). The logarithmic stability constants of zinc carboxylate complexes fall mostly between 0 and 5. Because the pH of the desired electrolyte is near-neutral, carboxylic acids exist in some state of deprotonation. Carboxylate salts -particularly those of acetate, tartrate, and citrate -are sometimes used as additives in ZAB electrolytes and zinc electroplating processes 31, [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] for the purpose of suppressing both hydrogen evolution and Zn dendrite formation 82 . Although both acetate and citrate have strong electrochemical heritage, we select citrate for further investigation in this analysis because of its superior pH buffering and transport properties 83, 84 .
Figs. 3(a) & (b) show the dissociation and Zn 2+ speciation
properties of an aqueous citric acid solution. In Fig. 3 (a), citric acid (H 3 Cit) dominates the solution at acidic values. As the pH increases, it passes through its various deprotonated states until citrate (Cit 3 -) is the sole species at pH values around 7 and above.
When Zn 2+ ions are introduced to the solution in Fig. 3 (b), they form complexes with the various citrate species in the solution, dominated by Zn(Cit) 4 -2 in the near-neutral pH domain. As the solution becomes more alkaline, the zinc-hydroxide complexes become dominant. This model of chemical equilibrium shows that pH-adjusted solutions of citric acid and zinc could stabilize the electrolyte pH between values of circa 3-6 due to citric acid dissociation and 11-14 due to the formation of zinc-hydroxide complexes. We do not work with these pH ranges because hydrogen evolution would limit efficiency at pH 3 and carbonate formation would limit lifetime at a pH 14.
Aminocarboxylic acids feature both amine (−NH 2 ) and carboxyl (−COOH) functional groups. The pK a value of the carboxyl group is low (circa 2-6), but the pK a of the amine group is much higher (circa 9-11). Therefore, aminocarboxylic acids are good candidates for pH buffers in the desired range. The simplest aminocarboxylic acid is glycine, which has electrochemical heritage in battery 78 and electroplating electrolytes [79] [80] [81] . Fig. 3 (c) shows that, in aqueous solutions, glycine can exist in three states: the glycinium cation (H 2 Gly + ), the glycine zwitterion (HGly), and the glycinate anion (Gly -).
When zinc is introduced in Fig. 3(d) , it forms complexes with glycinate and the solution is dominated by Zn(Gly) -3 between pH 9-12. The best option to obtain a stable pH under ZAB operating conditions to utilize the HGly/Glybuffer between pH 8-12, which coincides with the domain of Zn(Gly) -3 dominance and abuts the region of Zn(OH) 2 -4 dominance. Glycine has good pH buffering properties in the appropriate domain and supports the controlled deposition of Zn metal. Solutions of citric acid and its salts have high ionic conductivity and suppress H 2 evolution on Zn metal. Combining glycine with citric acid salt could further stabilize the pH -especially during ZAB charging -and improve charge transport within the electrolyte. Fig. 4 shows the 2D solubility and speciation landscape of a mixed citric acid-glycine electrolyte with the pH adjusted through the addition of KOH. The total concentration of citrate in the solu- . Locating the position on the chart corresponding to a total zinc concentration of 0.5 M and pH of 9, the dotted pathway shows stable operation between pH values of 8 and 11, with mixed ZnO-Zn(OH) 2 dominating the discharge product. There is a risk of zinc citrate precipitation, but this can be avoided with proper electrolyte preparation. Therefore, we propose an electrolyte containing 1.8M Cit 3 -, 0.9M HGly, saturated with ZnO and adjusted to pH 9 through the addition of KOH.
There are a few aspects motivating our selection of the proposed halide-free electrolyte for further investigation. To our knowledge, this electrolyte mixture has not been previously proposed or investigated; it is therefore a suitable proof-of-concept for our electrolyte design rationale. Second, the dynamic behavior of this electrolyte is very complicated and serves as an excellent opportunity to further develop and validate the quasi-particle continuum modeling framework. Finally, these materials are very safe and cheap, and these ZABs could perhaps serve some nichè applications. Therefore, this selection should be seen as one step in the process of aqueous electrolyte development. In the following section, we discuss a method to simulate the cell-level dynamic performance of this aqueous organic electrolyte.
Continuum model development
Continuum modeling is a powerful and widely-applied tool to study the dynamic and spatially-resolved performance of electrochemical cells. In continuum modeling, the mass and charge continuity equations are derived and solved for each species in the electrolyte 85, 86 . This is very effective for electrolytes which are strongly alkaline or acidic, as the state of the metal complexes is stable. However, in near-neutral electrolytes, even slight perturbations in electrolyte composition can induce orders-ofmagnitude changes in the concentrations of zinc complexes or weak acids. These homogeneous electrolyte speciation reactions can create difficulties for obtaining numerical solutions to the continuity equations.
To address this challenge, we recently derived a quasi-particle framework for the continuum modeling of near-neutral aqueous systems and applied it to study ZABs with NH 4 Cl−ZnCl 2 electrolytes 23, 24 . In this section, we expand and improve upon the method. We first briefly review the underlying idea before presenting the general form to cover a wider variety of systems.
Generalized quasi-particle continuum modelling
Quasi-particle continuum modelling is derived from concentrated solution theory of electrolyte transport 83 and the law of mass action 91 to efficiently model the dynamic behaviour of complex electrolytes. Assuming that homogeneous electrolyte reactions occur very quickly, i.e. infinitely fast, the system of continuity equations needed to describe electrolyte transport can be greatly simplified.
The quasi-particles must be defined to encompass the quantities of mass and charge that are conserved in the homogeneous electrolyte reactions. They are defined in terms of the weighted 
where τ i,q describes the stoichiometry of solute i in quasi-particle q. The solute source term attributed to the homogeneous electrolyte speciation reactions iṡ
In this equation,k h r is the rate of the homogeneous electrolyte reaction r and ν i,r is the stoichiometric coefficient of solute i in the reaction. The source term of the quasi-particle due to the homogeneous electrolyte reactions is then expressed aṡ
Demanding that the definition of the quasi-particles upholds the relation ∑ i,r ν i,r τ i,q = 0, the quasi-particle source term,ṡ h q = 0, vanishes for any reaction rates,k h r . This approach allows the concentrations of the many solutes to be easily determined from the concentrations of just a few quasi-particles.
In our previous works, we have derived quasi-particle models to simulate the dynamic behavior of NH 4 Cl−ZnCl 2 electrolytes. Here we show how the framework can be adapted to a more general form for modelling a variety of electrolyte compositions.
First, consider a simple aqueous electrolyte system comprising KOH−ZnO−H 2 O. The electrolyte contains the elementary species K + , OH -, H + , Zn 2+ , and the zinc complexes Zn(OH) + , Zn(OH) 2 , Zn(OH) -3 , and Zn(OH) 2 -4 . In this system, there are a total of 8 solutes (n s ) and 5 homogeneous reaction equations (n hr ). The number of quasi-particles (n q ) required to describe the system is n q = n s − n hr − 1 = 2. The state of the system is determined by the concentration of Zn 2+ and the pH. Zn is defined as the sum of all Zn 2+ (both free and complexed) and HOH is the sum of all H + less the sum of all OHin the solution,
[
This is the simplest form of the quasi-particle description of aqueous zinc electrolytes, and it is sufficient to describe standard alkaline ZABs. These definitions provide a foundation that can be expanded to model more complex systems. We now add some generic weak acid HA, and an additional quasi-particle, A, is needed. With this extra component, the quasi-particle definitions become
], (7) [
These generic definitions assume a monoprotic weak acid with a negatively-charged conjugate base; they can be easily modified to accommodate weak acids with other properties. Further components can be added to the electrolyte through the inclusion of additional quasi-particles. A more detailed description of the quasiparticle continuum model (including definitions of the continuity equations, flux terms, and transport parameters) is available in the supplementary information † 77,80,87-90,92-110 .
With this model, we simulate the performance of a lab-scale cell with aqueous organic electrolytes. The resulting simulations give an idea of the feasibility of the system, help to interpret experimental results, and guide the future development of the system. All simulations presented in this study are performed using MATLAB R2018b.
Experimental methods
Three customized electrochemical cell designs with varying distances between the anode and the cathode were used in this work. In the first cell (C1), the electrodes were separated by 0.9 cm and 1.1 mL of electrolyte was injected. C1 was the default cell, used for all measurements unless otherwise stated. In the second cell (C2), the distance between the electrodes was increased to 2.8 cm and 4.4 mL of electrolyte was injected. This was done to place two pH microelectrodes (Mettler Toledo, InLab R Micro) near the positive and negative electrodes for operando pH measurements. In the final cell design (C3), the distance between the electrodes was 1.4 cm and 1.85 mL of electrolyte was injected. This cell was used to investigate the effect of electrolyte volume on the cycling lifetime of the ZAB. A zinc foil (Alfa Aesar, 99.98%, 250 µm thickness) was used as the Zn electrode in each cell, with an active area of 1.327 cm 2 . The electrochemical analyses were carried out in a BaSyTEC Battery Test System.
The electrolyte was prepared from dissolving citric acid (Merck Millipore, anhydrous >99.5%) and glycine (Scharlau, reagent grade) in deionized water. The pH value was adjusted to pH=9 with KOH (Sigma Aldrich, >98%) and the solution was saturated with ZnO (Sigma Aldrich, puriss. p.a.). The as-prepared electrolyte solution contained [Cit 3− ] T = 1.80M, [Gly − ] T = 0.91M, and [Zn 2+ ] T = 0.44M. Physicochemical properties of the as prepared electrolyte system were analyzed with specific equipment for those measurements. In this context, the pH, ionic conductivity (IC), viscosity (µ), dissolved oxygen ([O 2 ]), mass density (ρ) and total organic carbon (TOC) were measured. Table 2 lists the properties of the as-prepared electrolyte compared with previously reported values for aqueous ZAB electrolytes KOH [87] [88] [89] [90] and NH 4 Cl−ZnCl 2 23 . The measured ionic conductivity of the proposed electrolyte is lower than other ZAB electrolytes, which can be attributed to the higher viscosity. On the other hand, density and dissolved oxygen concentration results are similar to other aqueous electrolytes. A TOC comparison of the as-prepared and cycled electrolyte is given in Table S11 † . Three catalyst materials were evaluated in this study: carbon nanotubes (CNT, Arkema GraphistrengthTM C100), electrolytic manganese dioxide (EMD, Tosoh Hellas A. I. C.), and a mixture of the two (EMD+CNT). In the three different bifunctional air electrodes 10 wt.% of PTFE (Dyneon TF 5032 PTFE) was added to the mixture. The CNT bifunctional air electrode and EMD bifunctional air electrode were prepared with 90 wt.% of CNT and EMD, respectively. On the other hand, the EMD+CNT bifunctional air electrode was composed of 20 wt.% EMD, 70 wt.% CNT and 10 wt.% PTFE. Finally, the mixtures were pressed twice for 1 minute at 50 bar against a carbon gas diffusion layer (Freudenberg H23C9). Once the electrodes were pressed, they were heated at 340 • C for 30 minutes where 2.2 mg cm −2 of catalyst loading were achieved.
The electrochemical measurements were performed with a rotating ring âĹŠ disk electrode (RRDE) setup (Pine Instruments. AFRD-5). A glassy-carbon working electrode (0.196 cm 2 ) was surrounded by a Pt ring biased at 1.2 V, which allows for simultaneous measurement of the hydrogen peroxide formation in the ORR. A thin film of the catalyst was fabricated onto a mirror polished and cleaned glassy carbon substrate by pipeting an aqueous suspension, drying in the N 2 stream, and pipeting/drying an aqueous suspension of Nafion for fixing the thin film of the catalyst. A Pt wire was used as a counter electrode and a saturated calomel electrode as a reference electrode (all the potentials are referred to a reversible hydrogen electrode, RHE). All chemicals and gasses were of the highest purity from the available choices.
Assessment of the crystalline components of as-tested anodes was performed using a Bruker D8 Advance A25 powder diffractometer equipped with a Cu K-α radiation source and Lynx-Eye XE TM detector (XRD). All measurements were performed in Bragg-Brentano geometry. Data were initially collected on formed Zn electrodes, but due to sample inhomogeneity and high levels of anisotropy in the crystallite growth data collection was repeated using reaction product powder scraped from the Zn anode foil. This was grounded and then mounted on a zero background holder (an oriented Si crystal) using silicone grease so as to reduce crystal orientation effects. Phase identification was performed via reference to the ICCD PDF4+ (2017) crystal structure database 111 and Crystallographic Open Database (COD) 112 , and confirmed via whole powder pattern fitting using the Bruker Topas v5 analysis software.
Electron microscopy images were obtained for top surface and cross-sections using an Hitachi S3400N Electron Microscope (SEM) equipped with an Oxford Instruments Aztec EDS system. For cross section analysis, samples were embedded in epoxy resin (Struers EpoFix) and polished down to a fine finish using SiC polishing papers down to 5µm media size. Sample preparation was performed without water or lubricant in order to avoid sample dissolution. In order to avoid sample charging, top section imaging was performed in Low Vacuum mode, at a chamber pressure of 10Pa, whilst cross section samples were coated with a thin layer of carbon.
Results and discussion
The performance of a lab-scale ZAB with an aqueous organic electrolyte is investigated using both experimental measurements and cell-level simulations. In Sec. 5.1, we begin by simulating the cell performance under galvanostatic cycling conditions to determine the feasibility of the proposed electrolyte and provide a foundation for understanding the experimental results. We then characterize the cell electrochemically with full cell and half cell measurements in Sec. 5.2, and characterize the cycled Zn electrode physically to confirm the composition of the precipitate phase with XRD, SEM, and EDS measurements in Sec. 5.3. Fig. 5 shows (a) the simulated electrolyte pH profile and (b) a comparison of the simulated and experimental (EMD) cell voltage during galvanostatic cycling. The cell is first discharged at 0.5 mA cm −2 for 4 h and then charged at 0.5 mA cm −2 for 4 h. The Zn electrode is at the left of the domain, followed by an electrolyte bath 9 mm thick, and the bi-functional air electrode (BAE) is on the right of the domain. The initial pH of the electrolyte is 9.
Cell simulations
At the start of discharge, the electrolyte becomes more alkaline in the BAE because of the effects of the ORR. The buffering capacity of the electrolyte stabilizes the pH at values around 11. As discharge continues, the electrolyte in the separator steadily trends alkaline due to the diffusion of spent buffer solution away from the air electrode. Because the electrolyte bath is relatively large, it takes time for this diffusion front to reach the Zn elec- trode. The pH in the Zn electrode varies only slightly (between circa 9-10) during cycling. To better understand the behavior of the electrolyte, we examine the distribution on zinc, glycine, and citrate in the electrolyte. Fig. 6 shows the anatomized concentration profiles of zinc, glycine, and citrate in the electrolyte at the end of the first discharge and at the end of the first charge. At the end of the first discharge ( Fig. 6(a) ), electrolyte zinc species in the BAE exists mostly as complexes with Glywith some zinc-hydroxides present. At the end of the first charge ( Fig. 6(b) ), there are no zinc-hydroxides present in the BAE. This indicates that the alkaline shift that occurs during discharge is stabilized by the uptake of OHby the Zn(OH) x complexes. On the other hand, the acidic pH shift that occurs during charging is stabilized by the HGly/Glybuffer.
This effect is also seen in the glycine distributions shown in Figures 6(c) and (d) . At the end of discharging, glycine in the air electrode exists only as complexes with zinc. But at the end of charging there is a significant increase in the proportion of glycine in its HGly zwitterionic state. The concentration profiles of citrate (Figs. 6(e) & (f)) show that it mostly acts as a background electrolyte. Citrate does form some complexes with zinc, but the pH of the electrolyte does not drop to values low enough to engage its buffering properties.
The cell-level simulations predict that a ZAB with the proposed citrate-glycine electrolyte can be cycled at low current densities. The pH is anticipated to stabilize between circa 8.5-11.5 in the air electrode and circa 9-10 in the Zn electrode. In the following sections, lab-scale ZAB cells with the proposed electrolyte are experimentally characterized to investigate and validate these predictions.
Electrochemical characterization
Electrochemical measurements are performed to evaluate the feasibility of the proposed electrolyte. First, rotating ring disk elec-trode (RRDE) measurements are used to compare and contrast the catalytic performance of CNT, EMD, and EMD+CNT air electrode materials. We then compare the cycling performance of the different catalysts in full cells, and long-term cycling tests investigate the cycle lifetime. Finally, operando pH measurements probe the stability of the electrolyte composition during discharging and charging and the performance of the ZAB as a primary cell is shown over a single complete discharge.
Oxygen electrocatalysis
The performance of air electrode catalyst materials in the proposed electrolyte are characterized using RRDE measurements. Reference measurements performed on the common polycrystalline Pt (pc-Pt) electrode in the proposed electrolyte without and with oxygen are presented in Fig. S4 of the supplementary information † . Fig. 7 shows the cyclic voltammetry (CV) results for the various air electrode materials performed in the RRDE configuration. Since the glassy carbon (GC) disk was used as a substrate for the thin film electrode fabrication, comparative RRDE measurements in the proposed electrolyte were performed over a bare GC electrode and then covered by the individual components: EMD, CNT, and the EMD+CNT composite. Fig. 7(a) shows the measured disk currents. Three common potential regions can be distinguished for all electrodes: (i) doublelayer region from circa 0.7 V to circa 1.2 V; (ii) oxygen reduction reaction (ORR) region from circa 0.7 V to 0.07 V; and (iii) oxidation of organics and oxygen evolution reaction (OER) region from circa 1.2 V to 1.6 V.
In the double-layer region, the pseudo-capacitive current corresponds to the electrochemically active surface area of the electrodes. The observed pseudo-capacitive current is the narrowest for the GC and EMD-covered GC electrodes, much wider for the CNT-covered GC electrode, and the widest for the EMD+CNT composite over the GC substrate. This demonstrates the greater active surface area of CNT materials.
The ORR sets in at circa 0.7 V for all the electrodes and reaches comparable ORR values at the lower potential limit, considering superimposed pseudo-capacitive contributions, even for the pc-Pt electrode (Fig. S4  † ) . This indicates the ORR to proceed over a largely blocked pc-Pt electrode by adsorbed species, as supported by strogly suppressed underpotential hydrogen adsorption/desorption features in the base voltammetry in oxygen-free electrolyte † . The CNT catalyst exhibits a shoulder in the ORR current at circa 0.5 V and the EMD+CNT catalyst shows an expressed peak at the same potential. A steeper onset in the ORR at the CNT-containing electrodes, compared to bare GC and EMDcovered GC can tentatively be explained by the storage of oxygen in the CNTs due to their tubular structure, which is supplied from the CNT reservoir in addition to the mass transport delivered oxygen during ORR onset during the negative-sweep scan to compensate the depletion of oxygen at the electrode due to the ORR. The appearance of this ORR shoulder in the negative-sweep scan is also in agreement with previous findings 113, 114 . Similar effects were also addressed regarding the behavior of porous rotating disk electrodes 115 and the effect of particle nano-morphology on the mass transport controlled reactions 116 . Ring currents are shown in Fig. 7(b) . The hydrogen peroxide (H 2 O 2 ) formation via the 2-electron ORR pathway at GC electrode increases at lower potentials and approaches stable values, which corresponds to circa 17% H 2 O 2 yields. The H 2 O 2 formation at the CNT-film electrode is decreased by roughly half compared with a bare glassy carbon electrode, indicating an improved ORR selectivity at the rough electrode due to the increased probability for re-adsorption and further reduction of incomplete reaction intermediates 117, 118 . The ORR at the EMD+CNT composite electrode shows increased H 2 O 2 formation at the peak of the ORR at circa 0.5 V, which indicates no change in the ORR selectivity.
Finally, the behavior at high potentials is attributable to a mix of organic species oxidation with contributions from the OER and carbon corrosion. In the base CV on pc-Pt † (which is used as an active material for the oxidation of organic species and oxygen evolution), oxidation of the organic electrolyte species sets in at circa 1.2 V, as expected for a typical Kolbe-type reaction for decarboxylation of carboxylic acids in both nitrogen and oxygen saturated electrolyte.
In Fig. 7 , the disk current for the GC substrate material used for the film electrode fabrication (grey) presents virtually no response until a slight increase above 1.5 V, which can be attributed to carbon corrosion. Similarly, the EMD catalyst material (blue) shows no response below 1.5 V, in agreement with low activity of electrodeposited manganese oxide towards the OER below 1.5 V in alkaline solution 119 . The current uptick above 1.5 V can be attributed to corrosion of the GC substrate with a possible contribution from the OER, which is expected to onset between 1.5 and 1.6 V 120 .
The CNT film electrode current (black) presents the onset of an oxidation process at circa 1.2 V, which aligns with the organic species oxidation process observed on pc-Pt (Fig. S4  † ) . A small shoulder in the current is visible at 1.45 V. The EMD+CNT film current (red) traces the CNT current until circa 1.45 V. Above this potential, EMD+CNT shows close to an exponential increase in current in both nitrogen-saturated and oxygen-saturated electrolyte. The observed current growth is greater than the sum of the CNT and EMD individual contributions, pointing to a synergetic effect in the EMD+CNT mixture. The absence of a peak or plateau in the EMD+CNT disk current indicates that the process is not transport-limited. Furthermore, CNTs exhibit a high stability against carbon corrosion in this potential range 121 . An improved OER performance from the manganese oxide particles deposited onto nitrogen doped CNTs at potential higher that ca. 1.6 V was reported in 121, 122 , however, the EMD+CNT composite shows improved current growth above circa 1.5 V. Further investigations of this observation could be a topic for future research.
The main findings of the model RRDE studies are summarized as follows: (i) the comparison of different catalyst materials in nitrogen-saturated and oxygen-saturated electrolytes shows that each material is active towards the ORR, with EMD+CNT presenting the highest activity. Furthermore, significant ring currents are present in the low potential region, indicating the presence of H 2 O 2 resulting from the 2-electron ORR pathway. (ii) GC and EMD show no response below 1.5 V, indicating that they are not active towards oxidation of the organic species. On the other hand, the oxidation of the organic species on CNT and EMD+CNT sets in between 1.2 V and 1.45 V. In the high poten- tial range, the oxidation of organic components in the electrolyte is likely the dominant degradation mechanism. (iii) Above 1.45 V the EMD+CNT catalyst shows non-additive behavior compared to EMD and CNT alone. In this domain, EMD+CNT disk current exhibits non-transport-limited exponential growth. Such behavior can be attributed to a contribution from the OER in addition to oxidation of the organic species. This in turn can offer a sufficient stability of the electrolyte composition over a limited time period, but the parasitic oxidation of the organic species is likely to ultimately limit the lifetime of the cell. Fig. 7 . The EMD+CNT catalyst was therefore selected as the preferred catalyst material for the remainder of the experimental characterization.
Full cell measurements
Continuous full cell cycling tests were performed with the EMD+CNT catalyst under various conditions to evaluate the longterm operation of the ZAB. Fig. 9 shows the cell voltage of ZAB cells continuously cycled at 0.5 mA cm −2 . In Fig. 9(a) , a cell cycled for 4 hours of discharging and 4 hours of charging demonstrates stable operation of 63 cycles over 504 hours (126 mA h cm −2 total charge transferred). After the first few cycles, the discharge voltage of the cell stabilizes at just over 1 V. The discharge voltage remains very stable throughout the cycling experiment, before undergoing a sudden drop after 63 cycles. On the other hand, the charging voltage slowly increases from 1.72 V at the beginning to 1.88 V by cycle 63. The electrolyte is then replaced and the cell recuperates some of its original performance. The discharging voltage stabilizes between 0.9 V and 1 V, but the charging voltage continues to increase to a peak of 2.15 V. After replacing the electrolyte the ZAB operates for an additional 56 cycles.
In Fig. 9(b) , the cycling time is increased to 8 hours of discharging and 8 hours of charging (4 mA h cm −2 charge transferred per cycle). The cell demonstrates 26 cycles over 416 hours (104 mA h cm −2 total charge transferred). Once again, the discharge voltage is stable around 1 V, but the charging voltage slowly increases with cycle number. When the electrolyte is replaced, the cell recovers and is able to operate for another 15 cycles. Additional results comparing cell cycling performance at a current density of 1 mA cm −2 are shown in Fig. S5 † .
The galvanostatic cell cycling performance indicates that electrolyte oxidation during charging is likely the dominant degradation mechanism in the cell. The RRDE measurement of EMD+CNT in Fig. 7 suggests that the OER could contribute The results of the continuous cycling tests confirm that the labscale ZAB cell with the proposed aqueous organic electrolyte can be cycled over an extended period (500 hours, 63 cycles). However, the observed increase in charging voltage and the recovery of performance after replacing the electrolyte suggest that some electrolyte degradation occurs during the charging process. The effects of this degradation can be lessened by applying a constant voltage charging protocol. An overview of all the results obtained during the various cycling tests is given in Table S10 † .
In Fig. 10(b) , the stability of the electrolyte pH during a single discharge-charge cycle is investigated using operando pH measurements near the Zn and air electrodes. A ZAB cell with the proposed electrolyte cycled at 2 mA cm −2 for 25 hours of discharging and 25 hours of charging (50 mA h cm −2 charge transferred), the operando measurements show that the electrolyte pH remains stable between circa 8.25 and 10.25. This is in agreement with the stable pH range predicted by both the thermodynamic model in Fig. 4 and the dynamic cell-level simulations in Fig. 5 .
Cell Voltage
pH Air Electrode pH Zn Electrode Finally, Fig. 11(a) shows the cell voltage profile for one complete discharge of a ZAB with the proposed electrolyte at 0.5 mA cm −2 . The cutoff voltage is set as 0.8 V. At the end of discharging, the cell achieves a capacity of 805.7 mAh · g −1 Zn , corresponding to 98.3% utilization of the theoretical capacity of the Zn electrode (819.9 mAh · g −1 Zn ). The measured ZAB discharge occurs in three stages. (1) At the start of discharge, there is an initial dip in cell voltage, which can be attributed to the nucleation of the solid discharge product 19, 123 . (2) The cell voltage then recovers and stabilizes near 1 V as the Zn metal electrode is converted. (3) When the cell passes a discharged capacity of about 615 mAh · g −1 Zn (75% Zn utilization), the cell voltage decays more rapidly as the available surface area of the Zn electrode decreases. Finally, the cell reaches the end of discharge when no usable Zn metal remains.
The complete discharge test confirms that the proposed electrolyte is suitable for primary Zn-air batteries at low current densities (0.5 mA cm −2 ). The ZAB maintains a stable voltage between 0.9 V and 1 V for most of its usable capacity. Furthermore, the ZAB achieves over 98% of its theoretical capacity at the end of discharging.
The main findings of the full cell electrochemical measurements are as follows. (i) The proposed electrolyte is suitable for a primary ZAB, which achieves over 98% of its theoretical capacity at the end of discharging at a 0.5 mA cm −2 . (ii) The pH of the electrolyte is stable in the predicted range during cycling. (iii) The ZAB cell can be operated with a stable discharging voltage around 1 V for dozens of cycles under various conditions. However, some degradation of the electrolyte is likely to occur during cell charging.
Zn electrode characterization
The Zn electrode should form ZnO as the final discharge product for the cell to be a true Zn-air battery. Existing studies of zinc-based batteries with non-alkaline aqueous electrolytes note that mixed zinc salts -not ZnO -dominate the discharge prod- uct 23, 27, 43 . To confirm the presence of ZnO in the proposed aqueous organic electrolyte, Zn electrodes at various states of charge are characterized using XRD, SEM, and EDS measurements. Fig. 12 shows the X-ray diffraction patterns collected for two Zn electrodes operated under different conditions. First, we plot the powder XRD pattern of a Zn electrode after a single complete discharge in Fig. 12(a) . We identify ZnO and Zn(OH) 2 as major formed phases reflecting the desired electrode performance. A layered hydroxide phase that exhibits its strongest peak at circa 8.58 • 2θ (d = 10.29Å) is also present in small quantities. The details of the layered hydroxide phase are discussed in the supplementary information † . Fig. 12(b) shows the powder XRD pattern for products formed after cycling the cell at 0.5 mA cm −2 for 27 h of discharging and 27 h of charging, ending on a charging step. The observed phases are dominated by Zn metal, ZnO and the layered hydroxide phase. Compared to the discharged electrode in Fig. 12(a) , the cycled electrode XRD pattern indicates an increase in the presence of Zn metal after charging. The presence of metallic Zn can be explained by the mechanism of oxide growth inducing spalling. A shift from Zn(OH) 2 to the layered hydroxide phase is also apparent.
In Fig. 13 , SEM analysis of the electrode cross-sections presents the Zn electrode in greater detail. The cross-section images show a complex microstructure. Fig. 13(a) presents the fullydischarged electrode and Fig. 13(b) shows the cycled electrode. After discharging, the passivated Zn metal that remains is surrounded by a fairly uniform phase rich in Zn and O. On the other hand, Fig. 13(b) shows that there are distinct phases present in the cycled Zn electrode. The metallic Zn phase exhibits a dense layer on the bottom with a more porous Zn metal phase on top. The dense layer is the original Zn foil, while the porous metal phase is the Zn metal deposited during charging. The solids surrounding the Zn metal also exhibit clearly distinguishable phases. The layer directly on top of the Zn metal contains less Zn and O than the richer phases towards the outer interface with the electrolyte. This indicates that the solid products are converted back to Zn metal first at the electrode interface. However, it is interesting to note that a significant amount of precipitated discharge products remain on the electrode after charging. Additionally, the Zn electrode is completely dissolved in some areas. This indicates that the dissolution of the precipitated discharge products during charging may be too slow to support the re-deposition of Zn metal. This observation is likely linked to both the slow dissolution kinetics of ZnO in neutral solutions 124 and the pH-buffer resisting the shift to more acidic pH values 23 .
The analysis of Zn electrodes in the proposed electrolyte yields two important findings: (i) ZnO is a major phase in each sample. The presence of ZnO as the dominant discharge product is a significant improvement over existing non-alkaline electrolytes that favor the precipitation of mixed zinc salts and consume electrolyte 23 . The precipitation of ZnO allows the battery to achieve a stable working point and opens a pathway towards achieving high energy density. However, (ii) some discharge products remain in the electrode after charging. This indicates that the discharge product dissolution process may be too slow. Additional measurements, discussion, and common Zn electrode performance benchmarks 125 are available in the supplementary information (Figs. S7 & S8) † .
Conclusions
The combined theoretical-experimental method of aqueous electrolyte design laid out in this work is applied to develop and test a novel electrolyte composition for rechargeable zinc-air batteries.
This work proposes thermodynamic descriptors to accelerate the screening of alternative electrolyte materials for zinc-based batteries. The screening shows that there are a wide variety of organic molecules with favorable properties for aqueous ZAB electrolytes. Carboxylic acids and aminocarboxylic acids are particularly suitable. Through the application of theory-based models, we show that a halide-free electrolyte containing citrate and glycine maintains a stable pH during ZAB operation and thermodynamically favors the precipitation of ZnO as the final discharge product. Experimental results confirm the validity of the theorybased predictions and yield additional insight into the proposed aqueous-organic ZAB.
Half-cell RRDE measurements of the air electrode catalyst materials (CNT, EMD, and EMD+CNT) in both nitrogen-saturated and oxygen-saturated electrolyte confirm that these materials are active towards the oxygen reduction reaction, with EMD+CNT showing the greatest activity. However, the measured ring currents indicate that significant quantities of incomplete reaction product H 2 O 2 are produced via the 2-electron ORR pathway. In the high-potential domain, the current is driven by a combination of organic species oxidation, oxygen evolution, and carbon corrosion.
Full-cell cycling measurements show that the lab-scale cell can be cycled for up to 500 hours. After replacing the electrolyte, the cell is able to recuperate some of its performance and continue cycling. Increasing the volume of the electrolyte and charging at a constant voltage of 2 V were both shown to give modest improvements in cell cycling lifetime. Finally, the ex-situ SEM, XRD, and EDS measurements confirm that ZnO is the dominant discharge product. Analysis of charged Zn electrodes show that significant quantities of ZnO remain on the electrode surface, indicating that the kinetics of ZnO dissolution are slow and could limit the charging time of the battery.
The combined results of the simulation and experiment confirm that the proposed halide-free aqueous electrolyte improves upon state-of-the-art by precipitating ZnO and Zn(OH) 2 as the dominant discharge products and maintaining a stable pH during cell operation. However, challenges including the oxidation of the organic molecules during cell charging and slow dissolution of the discharge products remain. Therefore, the proposed electrolyte should be viewed as a proof-of-concept for the design method, and as one formulation of many possibilities. The initial results from experiment validate both the modeling methods applied in the analysis and the underlying understanding that governs them. Continuing to apply these methods to further investigate and optimize halide-free aqueous electrolytes supports the development of novel materials for zinc-based batteries.
